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We demonstrate two-photon-absorption photodiodes in Si photonic-crystal waveguides, which shows wideband low-dispersion slow light. The device was fabricated on SOI substrate by CMOS-compatible process. The responsivity was improved by higher group indexes of slow light up to 0.052 A/W for pulses at wavelengths around 1550 nm with a 2.7 ps width and sub-watt peak powers. We applied this device to an optical correlator and dispersion detector. In the former, the correlation waveforms of 0.7À10 ps pulses were observed with small errors. In the latter, photocurrents inversely proportional to the pulse width were detected. Si photonics densely integrates optical devices, and incorporating pn junctions enables advanced devices such as high-speed modulators, matrix switches, and variable attenuators. One problem in Si at fiber communication wavelengths around 1550 nm is the nonlinear two-photon absorption (TPA) at high incident powers, which generates carriers and causes more severe free carrier absorption (FCA). The FCA is reduced by extracting carriers with the pn junction under reverse bias. 1 This operation can rather be applied for photodiodes (PDs). Si rib waveguides with the pn junction have been used as TPA-PDs and applied for taking optical correlations of short pulses, 2 but their responsivity was as low as of <100 nA/W. Si photonic crystal and ring cavities were employed to enhance the responsivity while their narrow bandwidth is a drawback. 3, 4 These constraints can be moderated by slow light. In particular, wideband low-dispersion (LD) slow light in lattice-shifted photonic-crystal waveguides (LSPCWs) allows short optical pulses to propagate slowly and enhances light-matter interactions. [5] [6] [7] In this paper, we present high-responsivity Si TPA-PDs based on the LSPCW. We show that the responsivity is improved by high group indexes n g for slow-light pulses in the LSPCW. We also propose to use the TPA-PD for optical correlators and dispersion detectors and demonstrate their operations.
The LSPCWs were fabricated by CMOS-compatible process, with a Si photonic crystal slab of 210 nm thickness, 400 nm lattice constant, and 200 nm hole diameter. The third rows of holes from the line defect waveguide were shifted along the waveguide by amounts of s ¼ 100À140 nm to generate LD slow light. As for the cladding, many studies have employed air toward the flexible design of photonic bands and strong optical confinement. In this study, however, we employed a silica-clad, which makes the devices more stable mechanically and electrically. The silica-clad narrows the bandwidth of light propagation due to the lower light line, while the LD band is comparably wide to those of air-clad devices. 6 The band calculation predicts n g ¼ 16À24 for the above parameters. Since the slow light pulse enhances its peak intensity and extends the duration in the device, the effective TPA coefficient b increases in proportion to n g 2 .
The fabricated device is shown in Fig. 1(a) . The 300 -lm-long LSPCW was connected to an external system through 50 -lm-long tapered Si wire and spot-size converter (SSC). 6 The p region (1 Â 10 13 cm À2 B doping) and n region (6 Â 10 12 cm À2 P doping) were formed by the implantation so as to sandwich the i region overlapping with the line defect of the LSPCW and connected electrically to Al wires. Group delay spectra of samples showing n g ¼ 16, 20, and 24 are shown in Fig. 1(b) . LD bands of 10À20 nm widths were observed and they agree with photonic band calculations. The electrical characteristic shows a typical diode's. The dark current was as low as 40 pA under À3 V bias, which is The corresponding current density is 63 lA/cm 2 , which is also lower than 880 lA/cm 2 estimated from Ref. 3 . They suggest high quality of the CMOS process as well as the good passivation by the silica-clad employed in this study.
In the measurement, pulses (center wavelength: 1550 nm, full-width at half-maximum (FWHM): 2.7 ps, repetition frequency: 40 MHz, and duty ratio: 8.7 Â 10 3 for Gaussian pulses) generated by mode-locked fiber laser, band pass filter, and fiber amplifier were incident on each sample. Figure 2 shows the measured photocurrent under À3 V bias. The horizontal axis shows the estimated power coupled into the Si wire, where a 3 dB coupling loss between the lensed fiber and SSC is taken into account. The quadratic curve in Fig. 2 indicates the photocurrent due to TPA. The photocurrent was observed for average powers from sub-lW to submW or peak powers from sub-10 mW to sub-10 W. In low and high power regimes, the disagreement from the quadratic curve was observed. At low powers, it was affected by the dark current and measurement errors in used ammeter. At high powers, it is due to the TPA and FCA in the Si wire between the SSC and LSPCW. The comparison between samples shows that larger n g gives a higher photocurrent. Responsivities at maximum incident powers were 0.023, 0.043, and 0.052 A/W for n g ¼ 16, 20, and 24, respectively. The highest value is 700 times higher than that demonstrated for the rib-type waveguide TPA-PD. 
where a, b, and c are the coefficients for the linear loss, TPA, and FCA, respectively. Taking all of these effects into account for the tapered Si wire, we assume calculated A eff ¼ 0.08 lm . 9) . For the LSPCW, we neglected the FCA (c ¼ 0), assuming that carriers are fully extracted under the reverse bias. We calculated A eff ¼ 0.43 lm 2 for the above n g by averaging each A eff along the propagation direction at the LD band. We also assume b ¼ (n g /4.5) 2 Â 0.60 cm/GW by considering the n g 2 dependence and n g ¼ 4.5 for the Si wire. The coupling loss between the Si wire and LSPCW in the LD band is 1.5 dB. 6 We use a as a fitting parameter and finally set reasonable values of 21, 28, and 32 cm À1 for n g ¼ 16, 20, and 24, respectively. The photocurrent i is given by
where E is the photon energy of light. Black solid lines in Fig. 2 show the photocurrent obtained from above equations. Except at high powers, they show the quadratic dependence on the power and n g , and agree with experimental results. The saturation at high powers due to the TPA and FCA in the Si wire is also simulated. This calculation also indicated that 49% current is generated at z ¼ 0À100 lm and 37% at z ¼ 100À300 lm. Next, we discuss the application to optical correlators. In general, the auto-correlation is taken by splitting pulses, combining them after giving a time lag, and detecting their superposition using a nonlinear detector. The pulse width is measured by scanning the time lag. In this experiment, we built fiber-based optical setup including couplers, mechanically variable delay line (26 fs resolution), and the TPA-PD. Observed waveforms are shown in Fig. 3 , where those measured by commercial auto-correlator Alnair Laboratory HAC-200 are also shown as a reference. Assuming Gaussian pulses, their FWHMs were obtained from 1= ffiffi ffi 2 p times the waveform's FWHM to be 0.7, 1.5, 6.6, and 10 ps for the TPA-PD, and the maximum error from the reference is 6%. For shorter pulses, the residual dispersion of LD slow light in the LSPCW could expand the correlation waveform. However, the influence of the dispersion is not so severe actually because the major current is generated in the front part of the device, as aforementioned.
Finally, we discuss the application to dispersion detectors. When a pulse train is incident, the sum of each pulse energy gives the detected power in linear PDs. Therefore, the power is independent of the dispersion of incident pulses. On the other hand, the sum of the square intensity of pulses is detected in the TPA-PD, resulting in the detected power inversely proportional to the dispersion. Thus, we can evaluate the dispersion from the photocurrent. In the experiment, we input 2.7-ps pulses to the device after passing through tunable dispersion compensator Alnair Laboratory TDC-100 to add a pre-chirp. Figure 4 shows the photocurrent, which is approximately in inverse proportion to the pulse width. The small difference of measured data from the dotted linear line might be due to the slight change of the pulse shape.
In summary, we demonstrated two-photon-absorption photodiode with silica-clad Si photonic crystal slow-light waveguides fabricated by CMOS-compatible process. Wideband low-dispersion slow light enhances the responsivity for picosecond pulses up to 0.052 A/W. We also demonstrated its applications to optical correlators and dispersion detectors. All on-chip optical correlator and automatic dispersion compensator will be feasible by integrating the photodiode with photonic crystal delay scanner and dispersion compensator. 10, 11 This work was partly supported by the FIRST Program of Japan Society for the Promotion of Science.
